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Abstract: For the past few years we have been developing position sensitive silicon detectors
(PSDs) which have an electrode at each of four corners so that incident position of a charged
particle can be obtained with signal from the electrodes. It is expected that the position resolution
of the silicon-tungsten electromagnetic calorimeter (SiW-ECAL) of the International LargeDetector
(ILD) will be improved by introducing PSDs to detection layers. In the previous production we
found that the charge separation is not optimal due to the readout impedance. To solve the issue, we
produced new PSDs with higher surface resistance with an additional resistive layer on the surface.
We also implemented several techniques to decrease position distortion and increase signal-to-
noise ratio which are essential for optimal position resolution. We present first measurements of
the performance of one new PSD using a strontium 90 source, and using the Skiroc2-CMS ASIC.
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1 Introduction
The International Linear Collider (ILC) is a future electron-positron collider for precise measure-
ments of Higgs bosons and various BSM searches. A silicon-tungsten electromagnetic calorimeter
(SiW-ECAL) is one of the candidates to be used in the International Large Detector (ILD)[1], one
of the detector concepts for the ILC. SiW-ECAL has a multilayer structure consisting of 20-30
layers of silicon detectors and tungsten absorbers. The main target of the SiW-ECAL is the mea-
surements of photon energies. Most photons in jets originate from decays of neutral pions. In order
to improve the accuracy of pi0 reconstruction, sensors with high position resolution are desired to
precisely measure the direction of photons. The silicon sensors of the SiW-ECAL are segmented
into 5.5 × 5.5 mm2 cells to maximize the performance of Particle Flow Algorithm (PFA)[2]. We
are investigating possibility of implementing Position-Sensitive Detector (PSD) technique to each
cell of the sensors of the innermost layers of SiW-ECAL in order to improve the position resolution
of incident particles, which may lead to improvements on eg. PFA performance, pi0 reconstruction
with kinematic fit, and BSM searches with displaced neutral particles.
A schematic view of the simple silicon pad sensors in SiW-ECAL is shown in Fig. 1 (left).
Electron-hole pairs are generated when a charged particle passes through a sensitive area. The
reverse bias voltage moves the holes to the P+ pad, and the charge directly goes to the electrodes
covering the P+ pad for the readout. Our PSD is a silicon sensor with segmented cells with similar
structure, but each cell has an electrode at each corner instead of a simple pad spread over the
cell. When the signal charge reaches a P+ pad, the charge is resistively split to electrodes via a
resistive layer on the surface, as shown in Fig. 1 (right). The hit position is reconstructed as the
2-dimentional center-of-gravity of signal strengths of the electrodes at the four corners. In contrast
to using smaller cells, the position resolution can be improved with minimal increase of the readout
channels if we replace the silicon pads with PSDs in the SiW-ECAL.
In the previous study, photons from a pulsed infrared laser were injected to a single-cell PSD
sensor of 7 × 7 mm2 to demonstrate the position reconstruction[3]. The position is calculated by
Xrec =
(Q0 + Q1) − (Q2 + Q3)
Q0 + Q1 + Q2 + Q3
(1.1)
Yrec =
(Q0 + Q2) − (Q1 + Q3)
Q0 + Q1 + Q2 + Q3
(1.2)
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Figure 1. Comparison of internal structure of silicon sensor and PSD. The left figure shows the traditional
silicon sensor used in the SiW-ECAL, and the right figure shows the cross section of the PSD.
where Xrec andYrec are the reconstruction position in X andY axes andQi is measured charge at each
corner electrode. It was expected that Xrec and Yrec should range from −1 to 1, but it appeared that
the difference between maximum and minimum Xrec (Yrec), called “dynamic range" in the following
discussions, is around 0.3, which degrades the position resolution by a factor 7, compared to the full
dynamic range of 1−(−1) = 2. The actual position resolution also depends on signal-to-noise ratio.
Distortion of the reconstructed positions compared to the injected positions was also observed. To
solve these issues, we developed a new PSD with ideas to increase the dynamic range and reduce
the position distortion.
2 Specifications of the new PSD sensors
It is considered that the small dynamic range is due to the readout impedance, which can be com-
parable to the surface resistance of the previous PSDs. Since the readout impedance is recognized
as serial impedance to the surface resistance, it degrades the dynamic range. The previous PSD
was designed with a meshed P+ surface to increase the resistance from a planar P+ pad as shown
in Fig. 2 (left), but it appeared to be insufficient. Due to technical reasons, higher resistance is
difficult with this method. Instead, we adopted a dedicated resistive layer over the P+ layer in the
new design to propagate charge with higher resistance as shown in Fig. 2 (right). It also benefits that
the resistance can be easily controllable by changing the thickness of the layer, without changing
the design of the layer reducing costs. The P+ layer is formed as a matrix of small dots instead of
a mesh to prevent charge to spread over the P+ layer. Since the noise can be higher with the larger
resistance, it is necessary to balance the competing requirements of high dynamic range and low
noise by optimizing the resistance.
Among the sensors of the new design, we discuss three types of PSDs in this paper, called
PSD1-1, PSD1-2 and PSD2. The cell size is 5.5× 5.5 mm2, and the sensor thickness is 650 µm for
all the sensors. It is also common to all the sensors that the left half of the sensors is formed with
a meshed P+ surface, as for the previous production, and the right half is formed with a dedicated
resistance layer, with the resistance tuned to be 10, 20 and 30 times larger than the meshed P+
surface. The exact resistance value of the PSDs is unknown because the manufacturer does not
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Figure 2. Comparison of two types of surfaces of the PSDs. The left figure shows the meshed P+ surface,
and the right figure shows the structure with P+ dots and a resistive layer.
disclose it, but the resistance between the two electrodes of the meshed P+ surface is around 1 kΩ.
We produced 6 sensors on each design, with two each having each surface resistance.
Figures 3 and 4 are photographs of PSD1 (PSD1-1 and PSD1-2) and PSD2, respectively.
PSD1-1 and PSD1-2 has the same patterns for the electrodes. The schematic view of one pixel of
PSD1 is shown in Fig. 5. Circular pads are connected to the electrodes at the four corners to avoid
large electrodes at the corners preventing the laser injection on the corner region. PSD1 has 4 by 4
cells, with 4 channels per cell, having a total of 64 channels of the readout electrodes.
The difference between PSD1-1 and PSD1-2 is the resistance pattern. PSD1-1 is formed with
flat surface resistance over each cell. In contrast, PSD 1-2 has low resistance lines at the cell edges to
reduce distortion, which is a proven method discussed in [4]. The schematic view of the resistance
pattern is shown in Fig. 6. The edge resistance is 4 (on the upper cells of the sensors) and 8 (on the
lower cells of the sensors) times smaller than the resistance over the surface.
Figure 3. PSD1 Figure 4. PSD2
– 3 –
Figure 5. One cell of PSD1. Figure 6. Low resistance lines in one cell of PSD1-2.
The PSD2 features the sharing of an electrode with neighbor cells, as shown in Fig 4, to
suppress an increase of the number of the readout channels. This enables the realization of a PSD
with a similar cell size to non-PSD silicon pad sensors keeping the number of the readout channels
the same. For example, a non-PSD silicon sensor with 256 readout channels can have 16 by 16
cells. If we replace it by a PSD with the same number of readout channels, we have to reduce the
number of cells to 8 by 8 with PSD1 structure, while with PSD2 we can have 15 by 15 cells.
3 β radiation source measurement
Radiation source measurements were not available at the time of the CHEF conference but, as they
are of interest to the community, are presented here. In this study, we acquire the PSD signals using
an ASIC called Skiroc2-CMS and its evaluation board, developed by the Omega / IN2P3 group.
A Skiroc2-CMS has 64 readout channels for silicon sensors, which is suitable for the readout of
one PSD sensors. The Skiroc2-CMS ASIC[5] is made for silicon sensor cells with up to 70 pF
detector capacitance per channel, which meets our PSD sensors having ∼40 pF per cell. After a
preamplifier, it has three shapers; two slow shapers with a 40 ns shaping time for 12-bit ADCs with
high and low gain and a fast shaper with a few ns shaping time for a timing trigger. We performed
all measurements in this section with self triggering using this timing trigger. We only used ADC
output with the high gain shaper in this study. Input pins of the Skiroc2-CMS are connected to a
sensor board via a 80-pin connector (HRS FX10A-80 series). PSD sensors are connected to the
sensor board by conductive glue (EPO-TEK E4110-LV) using a glue-dispensing robot and covered
with the sensor board and black tape. To apply high voltage (HV) for the sensor bias, a HV board is
connected to the sensor by a conductive adhesive tape. 150 V is supplied as the bias voltage from a
voltage source, with a low-pass filter on the HV board for noise reduction.
A 90Sr source of 10 kBq is used for the irradiation measurement. The source is placed at about
12 mm distance from the PSD surface. The source is located near the center of the PSD so that
the source illuminate the whole PSD almost uniformly. Since 90Sr is a pure electron source, we
expect signal similar to minimum ionizing particles (MIPs), giving the avarage of 7.8 fC charge
deposit with 650 µm silicon sensor, assuming full depletion. We checked the difference of trigger
frequency with and without the source. The frequency is more than 1000 times higher with the
source, which confirmed the signal with irradiation. The width of the pedestal is measured to be
4-5 ADC count, which corresponds to ∼2.5 % MIP or 0.19 fC.
The hit position is reconstructed using equations 1.1 and 1.2 after pedestal subtraction. Fig. 7
shows the distributions of reconstructed hit positions for the 16 irradiated cells in PSD1-2. The
expected position ranges from −1 to 1, while the distribution is shown as the range of −2 to 2
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to cover fluctuations due to random noise. As already discussed, the left half is equipped with
the meshed P+ with lower resistance. It shows that most of the signal is concentrated on a small
region of the cells on the left half. This is due to the relatively low dynamic range as expected.
In contrast, the right half gives wider distribution almost reaching the full dynamic range of −1 to
1, which shows that the surface resistance of the cells is high enough. However, it shows several
issues. First, we see the concentration of the hits at four corners of each cell. This is considered
to be related to the self-triggering feature. Although the trigger should be optimally decided with
a sum of four channels connected to one PSD cell, it is done with a threshold on single channel
due to the limitation of the ASIC function. Due to rather discrete steps of the threshold control, we
had to set the threshold around half of the MIP charge. Considering that the signal is split to four
electrodes especially for hits around the center of a cell, this causes significant inefficiency of the
trigger in the center region, causing more events on the corner and edge region. Since it was found
that the detection efficiency of the self triggers was low, the use of an external trigger counter will
also be considered. Another problem is that we still see distortion of the distribution regardless of
the low resistance lines implemented on the edges of each cell. We do not see significant difference
between two specifications of the edge resistance (by comparing upper and lower half). This should
be investigated with measurements with other PSDs, which is ongoing. We also plan to confirm the
non-flat response by measurements with laser injection.
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Figure 7. 2D-distribution of reconstructed positions with PSD1-2 using a 90Sr soruce. Triggers on the
left-top electrode of the first row, the third column and the bottom-right electrode of the first row, the fourth
column are disabled due to higher noise than other channels.
– 5 –
4 Summary
We developed a new series of PSDswith several ideas to improve the dynamic range and the position
distortion. Wider dynamic range is observed with beta irradiation on a PSD with larger surface
resistance. We need further studies of laser measurements and radiation measurements for various
specifications of PSDs such as PSD2 and comparison between PSD1-1 and PSD1-2. We will make
Spice simulations for better understanding and further optimization. After optimization of the
structure of the PSDs, we plan to develop prototype sensors to be used for the ILD SiW-ECAL.
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